An analytical model for the implosion of a multilayered cylindrical target driven by an intense heavy ion beam has been developed. The target is composed of a cylinder of frozen hydrogen or deuterium, which is enclosed in a thick shell of solid lead. This target has been designed for future high-energy-density matter experiments to be carried out at the Gesellschaft für Schwerionenforschung, Darmstadt. The model describes the implosion dynamics including the motion of the incident shock and the first reflected shock and allows for calculation of the physical conditions of the hydrogen at stagnation. The model predicts that the conditions of the compressed hydrogen are not sensitive to significant variations in target and beam parameters. These predictions are confirmed by one-dimensional numerical simulations and thus allow for a robust target design.
I. INTRODUCTION
Study of hydrogen under extreme conditions ͑supersolid densities and multimegabar pressures͒ is of great interest to astrophysics, planetary sciences, and inertial fusion. Another very interesting aspect of this problem is the possibility of creating metallized hydrogen in laboratory by application of extremely high pressures to small samples of hydrogen ͓1-6͔. Production of metallized hydrogen in reproducible experiments will not only provide insight to the structure of the giant planets, but may also have significant impact on our daily lives as it is expected that the metallic state of hydrogen has a number of potential industrial applications ͓7͔.
During the past decades the high-pressure technology has been significantly advanced by the development of diamond anvil cell, high power pulsed lasers, and gas guns. Moreover, high power explosives and nuclear explosive devices have also been employed to generate ultrahigh pressures. In addition to that, beams of light ions have also been recognized as a powerful tool for the production of solid density, highpressure plasmas ͓8͔.
An additional tool that has also been available for some time to research this field is an intense heavy ion beam at the Gesellschaft für Schwerionenforschung ͑GSI͒, Darmstadt. The GSI has a heavy ion synchrotron, SIS18 which delivers intense heavy ion beams of different ion species. Important experimental work has been done in the field of high-energydensity ͑HED͒ matter using these beams during the past decade ͓9-13͔. This facility at present is being upgraded and it is expected that after the completion of this upgrade the beam intensity will increase significantly while the pulse length will be substantially reduced ͑to about 50 ns͒. Detailed numerical simulations have shown ͓14 -16͔ that using this future beam, one will be able to access much wider regions of the parameter space of the physical conditions of the HED matter. These simulations have been done using a two-dimensional hydrodynamic model BIG-2 ͓17͔. In particular, it has been shown ͓13͔ that it may be possible to carry out an experiment at the upgraded SIS18 facility to study the problem of hydrogen metallization.
GSI is also planning to construct a new synchrotron ring SIS100, which will deliver a heavy ion beam with a much higher intensity as compared to the upgraded SIS18 facility. The availability of this beam will make many interesting experiments in the field of equation-of-state ͑EOS͒ studies possible ͓18͔.
Numerical simulations are an essential tool to design a future experiment efficiently and economically. On the other hand, after the experiments are performed, numerical simulation codes are needed to interpret the vast amount of experimental data. However, sophisticated simulation models are complicated and one needs to use analytic models to understand the large amount of numerical data generated by simulations. In addition to that, a good analytic model is always very helpful to optimize simulations as the model can qualitatively suggest the region of the parameter space in which one should start the simulations.
In order to supplement our numerical simulation capabilities, we have developed an analytic model to study the implosion of a multilayered cylindrical target that is driven by an intense heavy ion beam. In Sec. II we present the beamtarget geometry and the necessary beam and target parameters, while the details of the model are given in Sec. III. The results obtained from the model together with a comparison with the simulation results are discussed in Sec. IV, while the conclusions drawn from this work are noted in Sec. V.
II. BEAM-TARGET PARAMETERS
In this section, we present the beam-target geometry of an experiment that will be carried out at the future GSI accel-erator facility. Figure 1͑a͒ shows the proposed configuration and it is seen that the target is composed of a solid hydrogen cylinder with radius R h0 and density h0 , which is enclosed in a thick shell of solid lead. The right face of the target is irradiated with an ion beam that has an annular or a ring shaped focal spot. The inner radius of the focal ring, R 1 , is assumed to be larger than R h0 , which avoids direct heating of the hydrogen. The outer radius of the focal spot ring, R 2 , is considered to be much less than the outer radius of the lead shell, R e . The region R 2 рrрR e acts as a tamper limiting the outward expansion of the absorption region. A cross sectional view of the target is shown in Fig. 1͑b͒ .
It is assumed that the length of the target is much less than the range of the projectile particles so that the energy deposition along the particle trajectory is fairly uniform. A shell of heated material with very high pressure is created in the absorber region lying between R 1 and R 2 with mass m a and density a , while the region lying between R h0 and R 1 forms a cold payload shell having mass m pl and density pl . The hydrogen mass is denoted with m h . In practice, one always has the condition m pl Ӷm a fulfilled and in the cases of interest, one also has m h Ӷm pl .
The high pressure in the absorber generates a shock wave that travels through the payload and is then transmitted into the hydrogen. This shock travels along the radius of the hydrogen cylinder and is reflected at the axis. The reflected shock travels outward and is re-reflected by the payload. This process of multiple shock reflection goes on while the payload continues to move inwards, slowly compressing the hydrogen. This leads to a low entropy or ''cold compression'' of the hydrogen layer. Numerical simulations have shown ͓13,19͔ that using appropriate beam and target parameters, one can easily achieve the theoretically predicted physical conditions necessary for hydrogen metallization. These include a density of about 1 g/cm 3 , a pressure of the order of 5 Mbars and a temperature of a few thousand Kelvin.
In this design, we consider the future SIS100 beam that will be composed of uranium ions. A wide range of particle energy, 400 MeV/u to 2.7 GeV/u, will be available and the pulse duration corresponding to the above energy range will be 90-20 ns. The maximum beam intensity is expected to be 2ϫ10 12 particles. In these particular calculations we consider a particle energy of 2.7 GeV/u which has a range of about 6 cm in solid cold lead ͓20͔. This allows us to take a very long target ͑2 cm͒ and still achieve a uniform deposition along the axial direction. If one chooses to use a lower energy, the target length should be decreased accordingly. The duration of the pulse in the present case is 20 ns.
Although the final maximum expected beam intensity is 2ϫ10 12 , the intensity will increase gradually over time. We therefore have used different cases with different beam intensities including 5ϫ10 10 , 10 11 , 2ϫ10
11
, 4ϫ10
, 6 ϫ10 11 , 8ϫ10 11 , and 10 12 ions. These different beam intensities lead to very different values of specific energy deposition in lead that in turn leads to different implosion conditions in hydrogen. Therefore, use of different beam intensities would allow one to access a wide range of physical conditions of cold, compressed, high-pressure hydrogen and one may study the EOS properties of these exotic states of this most abundantly found element.
It is to be noted that we have used a hollow beam with an annular focal spot, and to generate such a beam is still a challenging problem. In the following, we discuss two possible methods that may be used to generate such a beam.
Generation of a hollow beam with an annular focal spot
It has been demonstrated that a beam geometry with an annular focal spot can be achieved in principle using a plasma lens ͓12͔. However, producing a focal spot that provides a highly symmetrical intensity with the parameters used in these simulations requires a lot more research and developmental work.
Another proposal is to employ a high frequency wobbler that rotates the beam with a rotation frequency of the order of gigahertz, which would lead to an annular focus. In this case, it is very important to know the value of the rotation frequency that will be needed for an acceptable symmetry ͑of the order of a few percent͒ in the driving pressure, which is important for the target stability. A simple estimation of the required rotation frequency can be done as follows by considering a box pulse of power P and duration p . In such a case, a region in the absorber with size of the order of the focal spot r fs is heated by the rotating beam during a time of FIG. 1. ͑a͒ Beam-target geometry: a cylinder of solid hydrogen ͑H͒ enclosed in a shell of solid lead ͑Pb͒. ͑b͒ Sector of the layerstructured cylindrical target: h0 and R h0 are the density and radius of the solid hydrogen; pl and R 1 are the density and the outer radius of the payload; a and R 2 are the density and outer radius of the absorber and T and R e are the density and outer radius of the tamper, respectively. the order of t c ϭr fs /͓(R 1 ϩr fs )͔, where ϭ2 is the angular velocity of rotation and is the frequency. During this time the pressure increases in such a region by ⌬p ϰ Pt c /r fs 2 . On the other hand, the maximum pressure in the absorber is pϰ P p /͓(R 1 ϩ2r fs ) 2 ϪR 1 2 ͔. Thus, the relative pressure asymmetry is ⌬ p/ pϷ4/( p ), independent of the target size. By requiring a pressure symmetry better than, for instance, 4% and taking p ϳ30 ns, it yields у0.5 GHz or a rotation period of less than 2 ns.
III. IMPLOSION MODEL
In this section we describe in detail the analytic model for the implosion of a multilayered cylindrical target driven by an intense ion beam. We assume that during the implosion the payload and absorber masses are not changed by thermal conduction. In fact, even for the largest specific internal energy of the absorber considered ͑ϳ20 kJ/g͒, the thermal conductivity of the absorber remains very low (р5 ϫ10 Ϫ6 g/s cm) during the implosion time. Then, the thermal wave penetrates a very short distance l c into the payload (l c р10 Ϫ7 cm) so that the heated payload mass that is incorporated to the absorber can be neglected.
On the other hand, we can also neglect the hydrogen and payload preheating produced by scattered absorber nuclei and by the secondary particles created when fast ions of the beam interact with the absorber material ͑electrons, photons, and nuclear fission fragments͒. By following the analysis of Ref. ͓21͔ we can see that for the beam deposition energies considered here, this preheating is small in comparison with the shock preheating.
A. Absorber expansion and shock transmission in the payload
When the absorber is heated by the ion beam, its pressure increases considerably and it pushes the payload inwards. For simplicity, we assume that the energy deposition in the radial direction is uniform. Since we are interested in the case in which the payload mass m pl is much less than the absorber mass m a (m pl Ӷm a ), the time taken by the rarefaction created at the payload surface to cross the absorber is longer compared to the implosion time. Thus, the payload implosion is driven by a simple rarefaction wave, as it happens in the classical Lagrange ballistic problem ͓22͔. If the absorber is heated in a time much shorter than the characteristic hydrodynamic time required for its expansion, we can consider that the beam energy is deposited in the absorber instantaneously and thus one can assume that, at tϭ0, the absorber has a specific internal energy ⑀ 0 which is equal to the total specific energy deposited by the ion beam. Therefore the instantaneous pressure p pl (t) on the payload surface can be calculated as ͓22͔
where a is the absorber density and we have assumed an ideal gas equation of state for the absorber with an enthalpy coefficient ␥ a ͑which is equivalent to a Mie-Gruneisen EOS with a constant Gruneisen coefficient ⌫ a ϭ␥ a Ϫ1). Besides, Ṙ is the instantaneous velocity of the interface payload absorber and c 0 is the speed of sound in the absorber. The pressure p pl drives a shock wave in the payload, which travels with velocity U s :
where ␥ pl0 is the enthalpy coefficient of the payload, pl0 is initial payload density, p B ϭB pl /␥ pl (B pl is the adiabatic bulk modulus of the payload͒ and we have taken p pl Ϸp 0 because during this stage the outer face of the payload moves relatively slowly. This shock arrives at the inner face of the payload at tϭt 0 and enters into the hydrogen. At this time, the pressure within the payload is p pl (t 0 )Ϸp 0 and the density is pl (t 0 ) given by
The entropy created by the shock places the payload on the isentrope S 0 given by
where p pl is the mean value of the instantaneous pressure on the payload surface and we have assumed that the entropy created by this shock is conserved up to the stagnation phase. On the other hand, at tϭt 0 the fluid velocity U pl behind the shock is given by
Since the payload entropy is assumed to be conserved for times t 0 рtрt 2 , its internal energy E pl evolves isentropically up to the time tϭt 2 , and it can be written as
At tϭt 0 a strong shock is launched into hydrogen, which arrives at the axis at tϭt 1 . It is then reflected, thereby compressing the hydrogen strongly. The reflected shock encounters the imploding inner face of the payload at tϭt 2 and the stagnation phase starts. For tϾt 2 , shocks progressively become weaker and they are reflected between the axis and the pusher, leading to a nearly isentropic compression of the hydrogen. This compression continues up to the instant tϭt f , when total stagnation occurs and the payload kinetic energy is converted into internal energy of the payload and of the hydrogen.
B. Payload implosion
At tϭt 0 the payload starts to move inwards. We are interested in using a relatively thick pusher, therefore, the inner and the outer pusher radii move with different velocities. We then consider the implosion of a finite thickness shell, which is assumed to be incompressible. In principle, this assumption may appear to be inconsistent with the previous one regarding the isentropic evolution of the payload after t ϭt 0 . However, for thick and heavy pushers, the motion is so slow that the pressure on the interface absorber-pusher changes very little and both assumptions are practically equivalent. For the opposite case of thin pushers, they move with a practically uniform velocity and the incompressibility assumption becomes irrelevant. Thus the payload implosion can be treated as incompressible without introducing significant errors. In such a case the continuity and momentum conservation equations read as
These equations are easily integrated and yield
where R h and Ṙ h are the instantaneous position and velocity of the inner radius of the payload, respectively. R, Ṙ , and R are the respective instantaneous position, velocity, and acceleration of the payload outer face. Also p h (t) is the counterpressure on the inner face produced by the material behind the shock that was launched into the hydrogen at tϭt 0 .
Since the hydrogen density h0 is much less than the pusher density ͓ h0 Ӷ pl (t 0 )͔, a strong shock propagates into the hydrogen and the averaged value of the counterpressure in the shocked region can be approximately calculated as
where ␥ h1 is the enthalpy coefficient of the shocked material and Ṙ s is the instantaneous velocity of the shock launched into the hydrogen. For simplicity, we take constant values for the enthalpy coefficient of the hydrogen in the different phases of compression. Thus ␥ h1 is the effective value for the phase in which hydrogen is compressed by the incident shock (t 0 рtрt 1 ). During this stage, the payload motion is described by Eqs. ͑10͒ and ͑11͒ with p pl (t) and p h (t) given by Eqs. ͑1͒ and ͑12͒, respectively. Therefore, in order to find the payload trajectory and calculate the compression produced by the incident shock, we need to describe the shock motion in hydrogen.
C. Incident shock "t 0 ÏtÏt 1 … For the description of the incident shock we use a simple model which considers that a fixed mass of shocked material is compressed adiabatically by the motion of the piston ͑the inner face of the payload͒ ͓23,24͔. Such an assumption implies that any change in the piston motion is immediately transmitted to the shock front and, therefore, their dynamics are always coupled. This leads to
When the strong shock moves through a small distance dR s , the fluid is compressed by a factor (␥ h1 ϩ1)/(␥ h1 Ϫ1). The new material incorporated behind the front occupies only a fraction (␥ h1 Ϫ1)/(␥ h1 ϩ1) of the increment of the volume 2R s dR s . Therefore, an extra volume that is a factor 2/(␥ h1 ϩ1) of such increment is available to the ''old'' mass between the shock and the piston. Consequently, the increment of volume dV h1 of the ''old'' material turns out to be
Differentiating the first of Eqs. ͑13͒, we get dp h p h ϩ␥ h1 dV h1 V h1 ϭ0. ͑15͒
Using Eqs. ͑12͒ and ͑14͒ we obtain the equation of motion of the incident shock as
Equations ͑10͒ and ͑11͒ ͓with Eq. ͑12͔͒, and Eq. ͑16͒ represent a complete set of differential equations for the description of the payload and shock motion during the interval t 0 рtрt 1 , which must be solved with the following initial conditions at tϭt 0 :
where pl (t 0 ) is given by Eq. ͑4͒ and U pl is given by Eq. ͑6͒. Besides this, in the first of Eqs. ͑17͒ we have taken into account the shock compression in the payload, and in the second of Eqs. ͑18͒ we have used the doubling rule for the velocity of a solid-vacuum interface when a shock emerges from the solid ͓25͔.
D. Reflected shock "t 1 ÏtÏt 2 …
At tϭt 1 , the incident shock is reflected at the axis and it propagates outwards with an instantaneous velocity Ṙ sr until tϭt 2 , when the shock hits the imploding piston. As a simple approximation, we adopt the expression corresponding to a planar shock for the mean value of the counterpressure p h produced by the sample material ahead of the reflected shock. Then, the pressure of the fluid between the shock and the piston is written as ͓26͔
where ␥ h2 is the enthalpy coefficient of the hydrogen behind the reflected shock. At tϭt 2 , the mean pressure behind the shock can be expressed as
Following the same arguments as for the incident shock, we consider that a fixed mass of material behind the shock is adiabatically compressed but, now, we must take into account the fact that also the material ahead of the shock front is isentropically compressed as the payload implodes. One therefore writes
and the rate of change of volume for a fixed mass turns out to be
where R sr is the instantaneous position of the reflected shock, and in writing the second of Eqs. ͑23͒ we have considered the conservation of the mass flux in the annular region between the shock and the piston. The effects of the geometry are also taken into account through Eqs. ͑22͒. Proceeding in a similar manner as for the incident shock, we get the following equation of motion for the reflected shock:
This equation must be solved together with Eq. ͑11͒ for the motion of the piston with the counterpressure p h (t) given by Eq. ͑20͒ using the following initial conditions at tϭt 1 :
where Ṙ s (t 1Ϫ ) is the velocity of the incident shock at t ϭt 1 . The last equation is applied in order to ensure the continuity of the fluid velocity and pressure in the region between the shock and the piston at the instant of reflection at the axis. Besides this, the initial conditions for the piston at tϭt 1 are obtained from the final conditions of the previous phase of incident shock ͑Sec. III C͒. Equations ͑10͒ and ͑11͒ ͓now with Eq. ͑20͔͒, and Eq. ͑24͒ provide the trajectory of the reflected shock. The calculation is stopped at tϭt 2 when the shock hits the imploding piston. In this way, we can determine the pressure and the density of the sample p h2 ϭ p h (t 2 ) and h2 ϭ h (t 2 ), respectively. The pressure within the payload at this instant can be taken to be uniform and is equal to p pl2 ϭ p pl (t 2 ). On the other hand, we obtain the payload kinetic energy E k2 and its internal energy E pl2 as well as the internal energy of the sample E h2 , which are given by the following expressions:
where the subscript ''2'' denotes the values of the magnitudes at tϭt 2 and pl2 is obtained from Eq. ͑5͒.
For tуt 2 the stagnation of the implosion takes place and the kinetic energy is converted into internal energy of the payload and of the sample. This phase is assumed to be practically isentropic.
E. Isentropic stagnation phase "t 2 ÏtÏt f …
Since the implosion stagnation is assumed to be isentropic, the following relationship exists between the pressure and the density of the sample for t 2 рtрt f :
where ␥ h3 is the corresponding enthalpy coefficient of the sample in this phase. In order to obtain the values p h f ϭ p h (t f ) and h f ϭ h (t f ) for the hydrogen pressure and density at maximum compression, we consider that the kinetic energy E k2 of the payload is completely converted into internal energy of the sample and of the payload:
where ⌬E pl ϭE plf ϪE pl2 and ⌬E h ϭE h f ϪE h2 ͑the subscript ''f'' denotes values at tϭt f ). For the calculation of the internal energy E plf , we need to find the pressure and density profiles within the payload ͓27͔.
For this purpose, we use the well known self-similar solution for the homogeneous isentropic compression of a cylindrical shell ͓28͔. In such a model the momentum and mass conservation equations are solved together with Eq. ͑5͒,
and the following ansatz are proposed:
The previous equations lead to the following ordinary differential equations:
where is a characteristic time for the stagnation phase. Introducing Eq. ͑5͒ into Eq. ͑32͒ and using the following boundary conditions at tϭt f :
(R plf is the outer radius of the payload at total stagnation͒ we can integrate Eq. ͑35͒ for obtaining the pressure and density profiles at tϭt f which leads to
From the previous equations we can obtain the internal energy of the payload by performing the corresponding mass and energy integrals for obtaining ͓27͔
On the other hand, the internal energy of the sample at t ϭt f turns out to be
Substituting Eqs. ͑26͒-͑28͒ and Eqs. ͑39͒ and ͑40͒ into Eq. ͑30͒ for the energy balance, and taking into account that the compression evolves isentropically ͓Eq. ͑29͔͒, we can calculate the final pressure p h f and density h f of the sample.
IV. RESULTS OF THE MODEL AND DISCUSSION
In order to apply the model to a particular case, we have considered as a first step the target and beam parameters shown in Table I . The target consists of a thick cylindrical shell of lead which is surrounding a sample of frozen hydrogen ͑Fig. 1͒.
The absorber enthalpy coefficient ␥ a is determined from the simulations by looking at the value of the pressure just at the end of the pulse ͑pulse duration p ϭ20 ns), when the absorber remains still at rest and has an initial density a . The payload enthalpy coefficient ␥ pl and the adiabatic bulk modulus B pl are taken from Ref. ͓29͔. Since the enthalpy coefficient of hydrogen depends on the compression factor, we have taken an effective constant value for each stage which is fitted from the realistic equation of state. For the largest compression factors (4Ͻ / h0 Ͻ10), the value is equal to that used by other authors (␥ h3 Ϸ3) ͓30͔, but it becomes somewhat larger for smaller compression, as seen by following an isentrope in the simulations.
The results of the model have been compared with onedimensional simulations performed by using a onedimensional mode of the two-dimensional hydrodynamic code BIG-2 ͓19͔. In Fig. 2 we present the trajectories of the piston and of the incident and reflected shocks as given by the model ͑lines͒ and by the simulations ͑dots͒. It is seen that the model reproduces the simulation results very well.
Considering the target and beam parameters shown in Table I , we have performed a parametric analysis by changing the payload mass, the hydrogen mass, and the specific energy deposited by the beam.
In Fig. 3 we plot the final hydrogen pressure p h f vs the payload mass for two different values of the specific energy, ⑀ 0 , namely, 5 and 10 kJ/g, respectively. It is seen that the higher value of ⑀ 0 leads to higher values of pressure, which is an expected result. It is also seen that for the values of m pl between 30 and 200 mg/cm, p h f changes only slightly. We can calculate the final pressure of the hydrogen at the limit of very large payload mass, even if the model becomes invalid at the limit m pl ϳm a : 
For the case we are considering, it yields a minimum value of p h f Ϸ0.6 Mbars. The same behavior is also observed in simulations ͑dots͒ but for values of the pressures and densities somewhat different.
In the opposite case of very small masses of the payload, the final pressure decreases more abruptly. This is because the maximum velocity of the piston is limited to the value 2c 0 /(␥ a Ϫ1), determined by the absorber rarefaction and then the maximum kinetic energy decreases with the mass. At the limit, the final isentropic phase practically does not exist and the maximum compression is reached close to the time tϭt 2 , when the reflected shock encounters the imploding piston. Therefore p h f Ϸ p h2 and for the case under consideration we have p h f Ϸ0.1 Mbars. Nevertheless, it is worth noting that in practice the situation of zero payload mass will never occur. In fact, in the case where initially the payload would be very small, the fast expansion of the absorber would create a region not directly heated by the beam that would act as an effective payload. Such a situation cannot happen in our model because of the assumption of instantaneous heating. Figure 4 shows the corresponding final hydrogen density values. It is seen that the density also shows an insensitivity to changes in m pl in a similar manner as the pressure. This is a very important result as such an insensitivity would allow one to use a practically arbitrary radial profile for the beam energy deposition. This profile will determine the effective payload mass without affecting the implosion dynamics. However a suitable deposition profile can create a smooth density profile between the payload and the absorber with a characteristic scale length of the order of the absorber thickness, which is certainly of great importance for reducing the instability growth rate during the implosion.
In Fig. 5 we plot the final hydrogen pressure and density vs ⑀ 0 ; solid line represents the model predictions while the squares are the simulation results. These results show that the model predicts a variation in p h f according to the scaling law given below p h f ͑ Mbar͒Ϸ0.24͓⑀ 0 ͑ kJ/q͔͒ 1.176 .
͑42͒
In this case the simulation results and the model predictions are in good agreement. However, according to the model, the density is practically independent of the beam specific energy deposition while the simulations show that it increases with energy as h f ϰ⑀ 0 0.4 . Such a difference may be a consequence of the simple hydrogen equation of state used in the model but is of minor relevance for the application of the model in optimizing the simulations. In Fig. 5 we have also indicated the minimum value of the specific energy deposition ⑀ 0 Ϸ13 kJ/g required to achieve the theoretically predicted conditions necessary for hydrogen metallization (p h0 у5 Mbar and у1 g/cm 2 ). Another interesting result is shown in Fig. 6 where we have presented the final pressure and density that is reached in the hydrogen as a function of the hydrogen mass for two different payload masses ͑keeping constant the specific energy ⑀ 0 ϭ5 kJ/g). Model and simulations show no changes in the final density and a slight reduction ͑around 20%͒ in the final pressure when the hydrogen mass is increased from 0.5 to 2 mg/cm. This result allows for the design of relatively large size targets (R h ϳ1 mm), using a given specific energy deposition that may represent an advantage for the experimental diagnostics, because of the large dimensions of the compressed sample.
In summary this design can tolerate substantial variations in the beam and target parameters, without any significant changes in the final conditions of the hydrogen sample.
V. CONCLUDING REMARKS
We have used the analytical model presented in this paper to study a heavy ion driven implosion of a multilayered target made up of a solid hydrogen cylinder enclosed in a solid lead shell. This type of experiment will be carried out at the GSI accelerator facility in the future. Our model successfully describes the trajectories of the payload and of the incident and reflected shocks, which determine the initial conditions for the stagnation phase. The final stagnation is treated as an isentropic compression.
We have carried out analysis using a wide range of target and beam parameters. The target parameters including the hydrogen mass and the payload mass are varied parametrically while keeping the specific energy deposition constant. In other cases we varied the specific energy deposition, keeping the target parameters fixed. This parameter study has shown that the final physical conditions that can be achieved in hydrogen are fairly insensitive to substantial variations in the target and beam parameters, which means a very robust target design.
Moreover, this allows one to use a larger hydrogen mass for the same driving energy. This will lead to the creation of a larger sample of compressed hydrogen at the end of the implosion, which is good for diagnostics purposes.
The model results have been compared with numerical simulations using a one-dimensional mode of the sophisticated two-dimensional code BIG-2. The model predictions show reasonably good agreement with the simulation results. 
